Introduction
============

Robot-assisted laparoscopic radical prostatectomy (RLRP) is frequently used in the treatment of prostate cancer; the advantages of the procedure include nerve sparing, reduced blood loss, less postoperative pain, and shorter hospital stays \[[@B1]\]. However, the increase in intra-abdominal pressure during laparoscopic procedures caused by a steep Trendelenburg position and pneumoperitoneum enhances the cranial displacement of the diaphragm. This displacement can cause decreased lung volumes, including a decrease in functional residual capacity, decreased compliance, increased resistance and ventilation-perfusion mismatch \[[@B2]\]. A few clinical studies have reported the respiratory and hemodynamic effects of mechanical ventilation with and without positive end-expiratory pressure (PEEP) during prolonged pneumoperitoneum \[[@B3]-[@B6]\]. The application of a PEEP of 5 or 10 cmH~2~O preserves arterial oxygenation during the establishment of pneumoperitoneum and while the patient is in the Trendelenburg position \[[@B3],[@B4]\]. However, patients presenting for RLRP are usually elderly and often have cardiovascular and respiratory dysfunction \[[@B7]\]. PEEP increases intrathoracic pressure, thereby decreasing left ventricular preload and afterload in patients with cardiomyopathy \[[@B8]\]. The prevalence of cardiovascular disease is 25 to 35% higher in geriatric patients undergoing non-cardiac surgery \[[@B9]\]. Therefore, it is very important to determine the proper PEEP level that provides the maximum beneficial effect of the oxygen transport while minimizing cardio-pulmonary side effects during RLRP.

The aim of this study was to investigate the optimal level of PEEP in patients undergoing procedures that require a prolonged pneumoperitoneum and steep Trendelenburg position.

Materials and Methods
=====================

After gaining approval from the Hospital Ethics Committee and obtaining written informed consent for the clinical research, the study was conducted prospectively on 100 patients (American Society of Anesthesiologists \[ASA\] physical status I-III, aged 49-75 years) who underwent general anesthesia for RLRP. The patients were randomly allocated to one of five groups (n = 20), comparable with respect to patient characteristics ([Table 1](#T1){ref-type="table"}). No patients were excluded from the analysis due to complications; hence, the data for all 100 patients is presented. In the 3 PEEP, 5 PEEP, 7 PEEP and 10 PEEP groups, a constant PEEP of 3, 5, 7 and 10 cmH~2~O was used, respectively, whereas in the ZEEP group no PEEP was used. Patients with pulmonary disease, primary valvular heart disease, uncontrolled hypertension, peripheral vascular disease, expected difficult intubation, immunosuppressive therapy, renal failure or who had a body mass index \> 31 kg/m^2^ were excluded from the investigation.

Without premedication, anesthesia was induced with propofol 1-2 mg/kg, remifentanil 0.2 µg/kg/min and rocuronium 0.6 mg/kg. After induction, the lungs were ventilated in volume-controlled mode with a tidal volume of 8 ml/kg, a respiratory rate of 12 bpm, I : E time = 1 : 2, a fraction of inspired oxygen (FiO~2~) of 0.5 in the air, and the ETCO~2~ was kept below 45 mmHg. These ventilatory parameters were adjusted according to arterial blood gas levels throughout the operation to maintain physiologic pH, base excess (BE), HCO~3~^-^ and PaCO~2~ (7.35-7.45, ± 3 mmol/L, 21-27 mmol/L and 35-40 mmHg). In the PEEP groups, a constant PEEP of 3, 5, 7 or 10 cmH~2~O was applied, respectively, whereas in the ZEEP group, the patients\' lungs were ventilated without PEEP. Intraoperative monitoring used in the present study included a 5-lead ECG, invasive and noninvasive arterial pressure, central venous pressure (CVP), pulse oximetry, nasopharyngeal temperature, infrared CO~2~ analysis, inspired oxygen fraction, bispectral index (BIS), minute ventilation (MV) and peak airway pressure (PAP). Anesthesia was maintained with sevoflurane (1.0-1.5 vol%) and remifentanil 0.05-0.10 µg/kg/min with 50% oxygen, and dosages were adjusted according to clinical status. In all patients, depth of anesthesia was adjusted to obtain a BIS (Model A 2000, Aspect Medical Systems, Natick, USA) between 40 and 60. To maintain body temperature, an air warmer (Bair Hugger 505 warming unit, Arizant Healthcare, Kentucky, USA) was used.

The surgical exposure was achieved by insufflation of CO~2~ to an intraperitoneal pressure of 15 mmHg with automatically adjusted gas flow in all groups. Intraoperative characteristics including heart rate (HR), mean arterial blood pressure (MAP), CVP, MV and PAP were recorded during surgery. These values represent the average measurements over a 15-s interval. Arterial blood gas analyses including pH, BE, HCO~3~^-^, PaCO~2~ and PaO~2~ were performed in the operating room with a Critical Care Xpress® (Nova biomedical, Waltham, MA, USA). The alveolar-arterial difference in oxygen tension (AaDO~2~) was also calculated as follows; AaDO~2~ = \[barometric pressure (760 mmHg) - 47\] × FiO~2~ - PaCO~2~ - PaO~2~. Measurements were recorded at seven different times during the procedure. The first measurement was a baseline measurement and was recorded with the patient in a supine position after endotracheal intubation. Measurements were also made at 30 min, 1, 2, 3 and 4 h after CO~2~ insufflation to an intra-abdominal pressure of 15 mmHg and the patient in the Trendelenburg position with a table tilt of 30° (+30 min, +1 h, +2 h, +3 h, +4 h). The final measurement was made at the end of surgery after release of the pneumoperitoneum and a return to the supine position. The process is described in the diagram ([Fig. 1](#F1){ref-type="fig"}).

Our statistical analyses were performed using SPSS statistical software, version 17.0 (SPSS Inc, Chicago, IL, USA). In this study, the sample size calculation was taken from the preliminary results for the first 10 patients. On the basis of a relevant 25% change (20% change of SD) in respiratory mechanics properties, we calculated that 17 patients could test the null hypothesis at 0.05 significance with a power of 0.80. We enrolled 20 patients to account for a 10% drop out rate. Analysis of variance (ANOVA) was performed on the demographic data using the ANOVA test for continuous variables (i.e., age, weight, height, and duration of pneumoperitoneum) and the Kruskal-Wallis rank test for ASA status. To study the effects of time and group allocation on each of the variables, repeated-measure ANOVA was used to compare the respiratory mechanics parameters between baseline values and time (six levels). When an overall difference was detected, the Student-Newman-Keuls post-test was used to localize the significant differences. One-way ANOVA was used between groups, and multiple comparisons were made with the Dunn\'s method when the results were significant. The data were expressed as mean ± SD (number). Differences were considered statistically significant if P \< 0.05.

Results
=======

Cardiac arrhythmias, usually ventricular ectopic beats or bradyarrhythmias, were noted after abdominal insufflation in 10 patients: 2 in the ZEEP group, 1 in the 3 PEEP group, 2 in the 5 PEEP group, 2 in the 7 PEEP group, and 3 in the 10 PEEP group. CO~2~ subcutaneous emphysema occurred in 1 patient in the 10 PEEP group and quickly resolved with cessation of insufflations. There were no deaths in the series.

Heart rate and MAP were higher compared to preinsufflation levels during CO~2~-insufflation in all groups, but there were no significant differences. Abdominal desufflation caused significant increases in HR in all groups compared to baseline values (P \< 0.05). There were no significant differences in HR or MAP between the groups. The CVP was significantly increased during peritoneal CO~2~-insufflation compared with preinsufflation levels in all groups (P \< 0.001). Baseline values for CVP in the 7 PEEP and 10 PEEP groups increased significantly compared with those in the ZEEP and 3 PEEP groups during pneumoperitoneum (P \< 0.001) ([Fig. 2](#F2){ref-type="fig"}).

The PaO~2~ levels were significantly lower during peritoneal insufflation and after CO~2~-desufflation compared with preinsufflation levels in the ZEEP group (P \< 0.05). In the 10 PEEP group, the PaO~2~ levels were significantly higher after 1 h of CO~2~-insufflation compared with preinsufflation levels (P \< 0.05), but there were no significant differences among the PEEP groups. The PaO~2~ levels in the 10 PEEP group were higher compared with those in the ZEEP group during 4 h of CO~2~-insufflation (P \< 0.05). The PaO~2~ levels in other PEEP groups were higher compared with those in the ZEEP group in the same duration, but there were no significant differences. The PaCO~2~ levels when pneumoperitoneum was established significantly increased compared with preinsufflation levels in all groups after 2 h of CO~2~-insufflation (P \< 0.05). The PaCO~2~ levels in the 5, 7 and 10 PEEP groups showed significantly higher levels compared with those in the ZEEP and 3 PEEP groups after 3 h of CO~2~-insufflation (P \< 0.05). The AaDO~2~ was significantly increased for 1 h after CO~2~-desufflation compared with preinsufflation levels in the ZEEP group (P \< 0.05). In the 10 PEEP group, the AaDO~2~ was significantly lower after 1 h of CO~2~-insufflation compared with preinsufflation levels (P \< 0.05), but there were no significant differences among the PEEP groups. The AaDO~2~ in the 7 and 10 PEEP groups showed significantly lower levels compared with those in the ZEEP group after 1 h of CO~2~-insufflation (P \< 0.05) ([Fig. 3](#F3){ref-type="fig"}).

The MV levels during pneumoperitoneum were significantly increased compared with preinsufflation levels in all groups after 2 h of CO~2~-insufflation (P \< 0.05). The PAP levels were significantly increased during peritoneal CO~2~-insufflation compared with preinsufflation levels in all groups (P \< 0.05). The PAP levels in the 10 PEEP group were significantly higher than those in the ZEEP group after 3 h of CO~2~-insufflation (P \< 0.05) ([Fig. 4](#F4){ref-type="fig"}). In the 10 PEEP group, the PAP levels were greater than 45 mmHg in 6 patients during CO~2~-insufflation.

The BIS was maintained at a constant level (29-54) during the study period in all groups. None of the patients had recall during anesthesia, occurred the postoperative barotrauma or complained about anesthesia provided during the operation.

Discussion
==========

This study showed that respiratory parameters in patients undergoing prolonged laparoscopic surgical procedures improve with PEEP. In this study, a PEEP of 7 cmH~2~O was the optimal, because this level of improved arterial oxygenation without excessive PAP during RLRP.

The typical effects of general anesthesia on gas exchange parameters and lung mechanics during prolonged pneumoperitoneum with PEEP were confirmed in this study. PEEP prevents end-expiratory airway closure and helps the airways to remain open. Keeping the airways open at the end of the expiratory period is fundamentally important for maintaining adequate gas exchange \[[@B10]\]. PEEP preserves arterial oxygenation during prolonged pneumoperitoneum in animal models with minimal adverse hemodynamic effects \[[@B11]\]. The application of a constant positive airway pressure of 5 cmH~2~O preserves arterial oxygenation during prolonged pneumoperitoneum \[[@B3]\]. A high PEEP (10 cmH~2~O) during pneumoperitoneum produced a significant improvement in the respiratory system elastance and resistance \[[@B4]\]. However, the most common complications of high PEEP are hemodynamic effects, especially in hypovolemic patients, and barotrauma \[[@B12]\]. Moreover, increased intra-abdominal pressure along with cephalad movement of the diaphragm produced greater than 50% increases in peak and plateau pressure during laparoscopic surgery \[[@B13]\]. CO~2~-induced subcutaneous emphysema is a complication of laparoscopic surgery, with an estimated incidence of 2.3%. Predictors of the development of subcutaneous emphysema are a high abdominal pressure, an end tidal CO~2~ pressure greater than 50 mmHg, an operative time greater than 200 min, and the use of six or more surgical ports \[[@B14],[@B15]\]. In the present study, the PAP levels in the 10 PEEP group were greater than 45 mmHg in 6 patients during CO~2~-insufflation, and 1 of these patients developed subcutaneous emphysema. The postoperative barotrauma has not occurred in these patients, but this high pressure can lead to effects such as hemodynamic change or barotrauma.

In the present study, the high values (more than 140 mmHg) of AaDO~2~ were especially associated with ventilation-perfusion imbalance and impaired diffusion across the alveolar-capillary membrane in the ZEEP group. This may be associated with greater atelectasis formation in patients ventilated without PEEP. A similar high AaDO~2~ value (greater than 130 mmHg) during RLRP has been reported in other studies \[[@B3]\]. On the other hand, a relatively low AaDO~2~ (greater than 70 mmHg) has been reported during laparoscopic cholecystectomy, which may be due to the surgical position \[[@B16]\]. The results of this study suggest even a minor PEEP of 3 cmH~2~O can reduce or prevent pulmonary atelectasis formation in patients undergoing prolonged laparoscopic procedures. The use of PEEP in the presence of pneumoperitoneum induced greater ventilation, lead to less atelectasis in the dependent lung regions, and resulted in better ventilation/perfusion matching \[[@B3]\]. Although a PEEP of 10 cmH~2~O showed the lowest AaDO~2~ value compared to other PEEPs, this PEEP resulted in PAP levels that were too high (greater than 45 mmHg). However, a PEEP of 7 cmH~2~O led to similar levels of AaDO~2~ without causing excessive PAP levels. Our results indicate that a PEEP of 7 cmH~2~O is the optimal PEEP during prolonged pneumoperitoneum for RLRP.

The combination of increased intra-abdominal pressure (10-15 mmHg) and PEEP (8 cmH~2~O) markedly depressed the hemodynamic variables during laparoscopic pelvic lymphadenectomy in a dog model \[[@B17]\]. However, MAP substantially increased despite increasing PEEP levels (5, 10, 15, and 20 cmH~2~O) at a 15 mmHg insufflator pressure state during laparoscopic cholecystectomy \[[@B18]\]. The addition of a PEEP of 5 cmH~2~O to an intra-abdominal pressure of 12 mmHg produced only minor hemodynamic changes \[[@B3]\]. Previous study demonstrated that even 10 cmH~2~O of PEEP provided the smallest impairment of hemodynamics \[[@B19]\]. We also found minimal hemodynamic changes with increasing levels of PEEP. However, the hemodynamic responses to peritoneal insufflation during laparoscopic surgery resulted in serious changes in the SVR, cardiac index, and ejection fraction in an elderly population with coexisting cardiopulmonary diseases \[[@B20]\]. High-risk patients under general anesthesia should have expanded cardiopulmonary monitoring.

The limitation of the present study is that more than 60% of the subjects are elderly, and we were unable to completely standardize their cardiovascular diseases and drug use.

In conclusion, the application of a PEEP of 7 cmH~2~O resulted in significant arterial oxygenation augmentation without excessive peak airway pressure or depression of hemodynamic parameters during prolonged laparoscopic procedures with pneumoperitoneum. Our data indicate that a PEEP of 7 cmH~2~O may be recommended as the optimal PEEP.

![Flow chart of the study. PEEP: positive end-expiratory pressure, ZEEP: no PEEP, RLRP: robot-assisted laparoscopic radical prostatectomy.](kjae-65-244-g001){#F1}

![Changes in heart rate (A), mean arterial pressure (B) and central venous pressure (C) from pre-insufflation in the supine position, during carbon dioxide insufflation (+ 30 min to + 4 h) in the head-down position, and after deflation in the supine position with increasing PEEP. PEEP: positive end-expiratory pressure, ZEEP: no PEEP, Data are expressed as mean ± SD. ^\*^P \< 0.001 versus pre-insufflation. ^†^P \< 0.001 versus the ZEEP and three PEEP groups.](kjae-65-244-g002){#F2}

![Changes in arterial oxygen pressure (PaO~2~, A), arterial carbon dioxide pressure (PaCO~2~, B) and difference in the alveolar-arterial PO~2~ difference (AaDO~2~, C) from pre-insufflation in the supine position, during carbon dioxide insufflation (+ 30 min to + 4 h) in the head-down position, and after deflation in the supine position with increasing PEEP. PEEP: positive end-expiratory pressure, ZEEP: no PEEP, Data are expressed as mean ± SD. ^\*^P \< 0.05 versus pre-insufflation. ^†^P \< 0.05 versus the ZEEP group.](kjae-65-244-g003){#F3}

![Changes in minute ventilation (A) and peak airway pressure (B) from pre-insufflation in the supine position, during carbon dioxide insufflation (+ 30 min to + 4 h) in the head-down position, and after deflation in the supine position with increasing PEEP. PEEP: positive end-expiratory pressure, ZEEP: no PEEP, Data are expressed as mean ± SD. ^\*^P \< 0.05 versus pre-insufflation. ^†^P \< 0.05 versus the ZEEP group.](kjae-65-244-g004){#F4}

###### 

Patient Characteristics

![](kjae-65-244-i001)

Values are mean ± SD or number. The subjects of each group are 20 patients, respectively. ASA: American Society of Anesthesiologists, ZEEP, 3 PEEP, 5 PEEP, 7 PEEP, 10 PEEP: positive end-expiratory pressure with 0 cmH~2~O, 3 cmH~2~O, 5 cmH~2~O, 7 cmH~2~O, 10 cmH~2~O.
